In this work we report efficiency measurements on light-emitting diodes with electrochemically synthesized sulfonated polyaniline as hole transport layer. The anode used in our devices is fluorine-doped tin oxide, the blocking layer is electrochemically synthesized poly(9,9-dioctyl-1,4-fluorenylenevinylene) and the electron transporting material and emitter is tris-(8-hydroxyquinoline) aluminum. Sulfonated polyaniline based devices presented efficiency of 0.79 cd/A.
I. INTRODUCTION
Electroluminescent organic devices were first reported by Pope et al [1] , who used anthracene as electroluminescent material. Helfrich et al [2] used the same material, but with different electrodes, achieving a smaller operation voltage. The major problem of these devices was the high voltage required for operation. The great development in this area began when Tang et al [3] and Burroughes et al [4] reported electroluminescence at low voltages in devices constructed with low molecular weight materials and polymeric materials, respectively. Since then, many different materials and device structures were tested and developed in order to improve device performance, increasing efficiency and lifetime.
Multilayer structures are the most used nowadays, because a correct choice of organic materials allows a better injection and recombination of charge carriers. Charge carriers that are unable to recombine emitting light, contribute to reduction of efficiency and loss of energy via heat dissipation [5] . Multilayered structures can be designed to present energy barriers inside the device, accumulating charges at the interfaces and increasing the recombination probability. In these structures the layer in contact with the high work function electrode must be a hole transporting material (HTM), and that one in contact with the low work function electrode must be an electron transporting material (ETM). The energy levels of these materials should almost match the work function of the electrodes to achieve a small injection barrier condition. The addition of a recombination or an exciton-blocking layer between these two layers increases the light emitted by the device, improving its efficiency [6] .
Many conductive polymers have been used as HTM in light-emitting devices.
Polyaniline [7, 8] deposited by spin-coating belongs to the oldest. Polypyrrole was also used as HTM [9] in bilayer with MEH-PPV.
But, of the many soluble conductive polymers developed for this purpose so far, poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS), is one of the most investigated materials [10] . It is a polymeric blend, which can be processed easily because it is dispersed in water. It was observed that PEDOT:PSS reduces the effective energy barrier for charge injection into the organic electroluminescent material [11, 12] leading to an improvement of efficiency when using this material as HTM in OLEDs.
Sulfonated polyaniline (SPAN) is a self-doped conductive polymer, dispensing the need of blending with a doping material. SPAN synthesis and electrical behavior were investigated by different groups [13, 14, 15] and Onoda et al [16] reported the application of SPAN to OLEDs. SPAN makes ohmic contact with different metals [17] and for this reason it was proposed as hole injection material [18] . SPAN can be chemically or electrochemically synthesized. The advantage of the electrochemical synthesis when compared to the spin-coating deposition is the lower waste of material, the formation of a well-adsorbed and mechanically tough film, direct deposition on desired substrate and possibility to control different parameters during polymerization. As a single component HTM, it is also not subjected to phase segregation. In this work we determine the efficiency of devices constructed with electrochemically synthesized SPAN and compare it with devices made with PEDOT:PSS, as a reference.
II. EXPERIMENTAL
The electroluminescent devices were constructed in sandwich structure. Glass covered with fluorine-doped tin oxide (FTO) supplied by Vidcon Ltda (12 Ω/ ) was used as substrate and anode.
The electrochemical synthesis of SPAN was performed in a conventional three-electrode electrochemical cell, containing FTO working electrode, graphite as counter electrode, and a saturated Ag/AgCl reference electrode. SPAN film formation was carried out by cycling the potential between -0.15 and 1.10 V at 100 mV/s in 0.1 mol/L camphorsulfonic acid (CSA) + 0.1 mol/L metanilic acid (m-aminobenzenesulfonic acid) + 0.01 mol/L aniline aqueous electrolytic solution [17] . Electrochemical polymerization was performed for 10, 20, 30, 40 or 50 cycles. PEDOT:PSS (Baytron P) was deposited onto FTO from water solution as received and, in the sequence, annealed at 60 o C during 3 hours in vacuum.
Poly(9,9-dioctyl-1,4-fluorenylenevinylene), PDO14FV [19] was used as electron blocking layer and tris-(8-hydroxyquinoline) aluminum, Alq 3 , as ETM. PDO14FV was synthesized electrochemically, as fully described elsewhere [19] . It was dissolved in CHCl 3 (6 mg/mL) and deposited by spin-coating (∼23 nm) onto SPAN or PEDOT:PSS film. Alq 3 was purchased from Sigma Aldrich and used as received. The Alq 3 layer (∼48 nm) was deposited by sublimation at a pressure of ∼10 −6 torr. The chemical structures of these materials are shown in Fig. 1 . Ca and Al were evaporated at a pressure of ∼10 −6 torr. The thickness of the layers was measured using a Dektak3surface profiler. The devices were encapsulated using the procedure described by Toniolo et al [20] . The current density versus voltage (J × V ) curves were measured using a Keithley 230 voltage source and a Keithley 2010 multimeter. The luminance versus voltage (L × V ) measurements were made with a calibrated photodiode, OSD15-5T (Centronic), and a Keithley 6485 picoammeter. The electroluminescence curves were recorded using a Hitachi F4500 fluorescent spectrophotometer. 
III. RESULTS AND DISCUSSION
The energy level diagram of the used materials, considering isolated materials, based on values obtained from the literature [16, 19, 21, 22] , is presented in Fig. 2 .
The J × V results presented in Fig. 3 the electroluminescent polymer [23] . SPAN was proposed to be used with the same intent [18] . The fact that better performances are achieved with thinner SPAN layers than PE-DOT:PSS layers suggests that SPAN presents a larger polarization or charge displacement capability than PEDOT:PSS, which leads to the energy levels equalization and elimination of interfacial energy barrier even with thinner layers. This could explain the almost similar current densities even knowing that SPAN has a larger (more negative) highest occupied molecular orbital energy level, as represented in Fig. 2 . However, a thicker SPAN layer could constrain the charge carrier transport from the electrode, diminishing the injected carriers into PDO14FV, due to its higher resistance.
The calculated current efficiencies versus current density are shown in Fig. 5 . As can be seen, the 40 nm thick SPANbased device presents higher efficiency over all the current density interval. The maximum value for SPAN-based devices is 0.79 cd/A at 14.5 mA/cm 2 . So, although the devices presented similar brightness, the SPAN-based one is still more efficient.
The electroluminescence spectra of FTO / SPAN / PDO14FV / Alq 3 / Ca / Al; FTO / PEDOT:PSS / PDO14FV / Alq 3 / Ca/ Al; FTO / PEDOT / Alq 3 / Ca / Al and FTO / PEDOT:PSS / PDO14FV / Ca / Al devices are presented in Fig. 6 . It can be seen that devices containing PDO14FV and Alq 3 layers show an electroluminescence spectrum analogous of device without PDO14FV layer, indicating that the dominant emission is that occurring in the Alq 3 layer. This point is important since, despite the fact that the peak of emission of PDO14FV is almost at the same wavelength of Alq 3 , PDO14FV presents a broader emission spectrum, which leads to significantly different CIE coordinates, as can be seen in Fig. 7 .
The results presented above demonstrate that SPAN effectively favors the injection of positive charge carriers into PDO14FV. The transport of these carriers through the device is then hindered at the interface with Alq 3 (see Fig. 2 ), due to the presence of the energy barrier, avoiding that positive charge carriers simply pass through the device without pair formation and recombination possibility. At the other electrode interface, Ca provides easy electron injection, due to the absence of an energy barrier hindering this process. The injected electrons are transported through the Alq 3 , accumulating at the Alq 3 /PDO14FV interface, due to the energy barrier for electrons at this interface. At this PDO14FV/Alq 3 interface, there is then a high holes/electrons concentration, respectively. Since the emission occurs predominantly in the Alq 3 , it means that either the holes transport through these interface is easier than electron transport in the opposite direction and so, pair generation and recombination occurs in the Alq 3 or; that pairs generated in the PDO14FV tend to be transferred to the Alq 3 . The second process is improbable assuming the correctness of the band structure presented in Fig.  2 , because it would imply in pair energy increase, if additional relaxation phenomena would not be present.
IV. CONCLUSION
In this work we reported the construction of light-emitting diodes (OLEDs) using electrochemically synthesized sulfonated polyaniline (SPAN) as HTM. The best performance was obtained with 40 nm thick SPAN layer. This SPANbased device presented a higher current efficiency, reaching 0.79 cd/A at 14.5 mA/cm 2 .
Our work demonstrates that efficient OLEDs can be constructed using electrochemically synthesized polymers. SPAN is directly synthesized onto the anode material and PDO14FV is prepared by controlled potential electrolysis [19, 24] and further deposited by spin-coating technique.
